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FOREWORD 


This report documents the Mach 10/14 Calibration test program (WTR 1608) 
performed in the Naval Surface Warfare Center White Oak Deta chment 
(NSWCWODET) Hypervelocity Tunnel 9. The National Aerospace Plane Joint 
Project Office (NASP JPO) was the sponsor for this test entry. The primary objective 
for this test program was to supplement previous calibrations of the N SWCWODET 
Tunnel 9 free stream conditions. 


Approved by: 
JE F- Sobaasc 


R. L. SCHMIDT, Head 
Strategic and Space Systems Department 


i/il 


NSWCDD/TR-92/160 


ABSTRACT 


This report documents the Tunnel 9 Mach 10/14 Calibration test program 
(WTR 1608) performed at the Naval Surface Warfare Center, White Oak, Maryland. 
This effort was sponsored hy the National Aerospace Plane Joint Program Office 
(NASP JPO). Free stream flow field parameter distributions were obtained for both 
the Mach 10 and 14 nozzles spanning the Reynolds number range. A total of four 
Mach 10, and ten Mach 14 runs were performed during this test program. The test 
period was 7 to 22 May 1991. Results from this test entry were combined with 
previous test data in the final analysis. Data from the test reveal that high quality 
uniform flow exists and that deviations in core flow field parameters are comparable 
with the calibration data taken in the past. 
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INTRODUCTION 


Calibration of wind tunnel facilities is necessary to properly evaluate and 
understand the data obtained during a test program. The Naval Surface Warfare 
Center White Oak Detachment (NSWCWODET) Hypervelocity Tunnel 9 frequently 
engages in facility calibrations. When Tunnel 9 was originally brought on-line, a 
complete characterization of the flow was completed. Periodic tests are performed to 
obtain additional calibration data relative to new capabilities or specific customer 
needs, 


The National Aerospace Plane (NASP) program is a national initiative by the 
Department of Defense and National Aeronautics and Space Administration 
(NASA). The program objective is to develop hypersonic technologies for an 
experimental X-30 aircraft and eventually demonstrate single- stage-to-orbit flight. 
This, program will perform multiple tests in Tunnel 9 over a wide range of test 
con-litions. ‘The purpose cf these experiments is to evaluate various airframe, inlet, 
and propulsion configurations. Discrete calibration conditions were chosen which 
encoinpassed the planned testing range for the NASP program, The test data in this 
report includes test conditions where calibration data was previously unavailable. 


This test was designed to calibrate the uniformity of the free stream flow field 
parameters in the Mach 10 and Mach 14 nozzles, This effort was combined with 
previous tunnel calibrations to create this inclusive calibration report. 


TEST FACILITY 


The NSWCWODET Hypervelocity Wind Tunnel 9 is a blow-down facility which 
operates at Mach aumbers of 8, 10, and 14. Ranges for Reynolds numbers and supply 
conditions are listed in Table 1. 


Tunnel 9 uses nitrogen as the working fluid. The test section is over 12 feet long 
and 5 feet in diameter, which enables testing of large scale model configurations, A 
schematic of Tunnel 9 is shown in Figure 1. 


During a typical run, a vertical heating vessel is used to pressurize and heata 


fixed volume of nitrogen to a predetermined pressure and temperature. The test 
section and vacuum a are evacuated to a low pressure and are separated from 


the heater by a pair of metal diaphragms, When the nitrogen in the heater reaches 
the desired temperature and pressure, the diaphragms are ruptured and the gas flows 
from the top of the heater, expands through the contoured nozzle, into the test section 
at the desired test conditions, As the hot gas exits the top of the heater, cooler 
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nitrogen (~300°F) from three pressurized driver vessels enters the heater base. The 
cold gas drives the hot gas in a piston-like fashion, thereby maintaining constant 
conditions in the test section during the run. More detailed information concerning 
the facility can be obtained from Reference 1. 


TEST HARDWARE 


Calibration hardware for this test consisted of a fixed Pitot rake mounted on a 
straight sting and 4 traversing Pitot rake as shown in Figure 2. The fixed Pitot rake 
consisted of 25 Pitot pressure probes, one at the centerline of the tunnel and the 
others placed 2 inches apart, horizontally spanning both sides of the tunnel. A 
traversing mechanism was fitted with three Pitot pressure probes to survey the 
vertical plane of the test section. One probe was mounted at the centerline, and two 
probes mounted 1 inch to either side. The traversing probe surveyed from 4.3 inches 
above the tunnel centerline to 3.6 inches from the tunnel wall. 


INSTRUMENTATION 


TUNNEL INSTRUMENTATION 


The instrumentation used to monitor wind tunnel supply conditions included 
one supply pressure transducer, two supply temperature thermocouples, and two of 
the Pitot rake mounted pressure transducers in the test cell. Tables 2 and 3 list the 
transducers and valid ranges. Both sets of thermocouples were fabricated in-house. 


PITOT RAKE INSTRUMENTATION 

Instrumentation for both the fixed Pitot rake and the traversing Pitot rake 
coincide with Table 2 for Pitot pressure. Reference 2 provides more detail on Kulite 
transducers, All gauges were mounted inside the rake and were connected to the taps 


with flexible Tygon tubing. Tubing lengths were sized to minimize pressure lag as 
outlined in Reference 1. 


CALIBRATION AND TEST PROCEDURES 


PRESSURE TRANSDUCER CALIBRATION 


Calibration of the pressure instrumentation was accomplished prior to each 


wind tunnel run. The data system recorded transducer response during evacuation of 
the test cell. The test cell evacuation was accomplished in steps where the test cell 
pressure was held constant at each step, Typically eight calibration points were 
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obtained from atmospheric pressure to approximately 1 mm Hg. Two MKS Baratron 
type 145 transducers with ranges of 1000 and 10 mm Hg were used as calibration 
standards. For each transducer, output voltage was recorded and a slope and 
intercept were calculated using a least squares method. 


RUN SETUP AND INITIATION 


After the pressure transducer calibration, preheat static tares were obtained on 
all transducers. The heating cycle, approximately 25 minutes in duration, was then 
started. A final tare was obtained at the end of the heating cycle for final 
instrumentation intercept corrections just prior to diaphragm rupture. Once flow 
was established, the sequencer triggered the data acquisition, traversing probe, 
photographic, and other tunnel control systems. 


The fixed horizontal rake was held at 0 degree angle of attack. The traversing 
probe started at 4.3 inches above centerline and traversed into the boundary layer to 
approximately 3.0 inches from the wall during steady flow conditions. 


DATA ACQUISITION AND REDUCTION 


Data were sampled and recorded using the NSWCWODET Data Acquisition 
and Recording Equipment (DARE) Vi. DARE VIis a simultaneous-sample-and-hold, 
single-amplifier-per-channel system with £14 bit resolution. The input signals from 
all DARE channels were amplified and fed through six-pole, low-pass Bessel filters 
with a cutoff frequency of 50 Hz, thus eliminating high frequency background noise. 
Each channel was sampled at 251 Hz. Reference 1 gives a full description of the 
DARE VI system. 


DIGITAL FILTERS 


Data taken using the DARE VI were digitally filtered using a digital 
representation of a sixth order, low-pass Butterworth filter. Digital filtering allows 
the filter cutoif frequency to be chosen after recording and changed, if necessary, to 
eliminate erroneous noise. Spectral analysis may be performed to aid in choosing the 
cutoff frequency to prevent inadvertent distortion of the data. Time delays are 
avoided by filtering the data twice and reversing the data in time between the two 
applications of the filter. A more complete description of filtering techniques can be 
found in Reference 1. A cutoff frequency of 10 Hz was used for tunnel supply 
conditions, test cell Pitots, and all calibration rake Pitots. 


MEASUREMENT UNCERTAINTY 


Tunnel) supply conditions and test cell Pitot pressure measurements were 
obtained. Free stream flow properties were then calculated using the fixed rake Pitot 
probes, T'wo Pitot probes were used to obtain free stream Pitot pressure. The Pitots 
were chosen to represent the Pitot position auanG aerodynamic model testing, based 


on their horizontal position in the test cell. Supply thermocouples and Pitot 
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transducers were averaged. From Reference 3, an estimate of the uncertainty of 
measured and derived flow quantities is given in Table 4, 


RESULTS 


Table 5 represents the data runs used in the calibration, Data were obtained at 
six a*:jial stations in the test section. As shown in Figure 3, station 0 corresponds to 
the nozzle exit. Stations -1, 1, 2, and 3 correspond to the respective positions of -20, 
24, 66, and 108 inches downstream of the nozzle exit. Run 2241 was run with an axial 
rake position of 72 inches downstream of the nozzle exit. 


PRESENTATION OF RESULTS 


Results frorn the Pitot rake surveys are presented for each test condition. 
Tabulated free stream flow field parameters are listed versus radial distance from the 
centerline in Appendix A. Pitot pressure at each probe on the Pitot rake was 
normalized by the average of two Pitots located at the edge of the inviscid core 
(PTAVQG). Data from the Pitot pressure probes, supply pressure, and supply 
temperature were used to compute local free stream flow field parameters, based on 
an assumption of thermodynamic equilibrium in the isentropic core flow. Real gas 
effects were accounted for by computing an equivalent perfect gas supply pressure 
and temperature as outlined in Reference 5. Inviscid core size was determined 
qualitatively for each run based on the character of the profile. One horizontal 
profile, averaged over the useful run time run is chosen to represent each run 
condition. This can be accomplished based on the tunnels temporal uniformity, 
symmetry in horizontal and vertical planes, and run-to-run repeatability. The next 
sections give examples of each characteristic. 


TEMPORAL UNIFORMITY 


Control valves regulate the flow of hot nitrogen through the tunnel aiid keep 
relatively constant Reynolds number conditions over the total run time. For a more 
complete description of Tunnel 9 operation consult Reference 1. Figure 4 shows a plot 
of supply conditions versus time for a standard tunnel run. The diaphragms are burst 
and a start-up period follows where pressure and temperature are ramped to the run 
values. The run values are then held constant over the usable run time. T’o assess 
the degree of temporal uniformity, normalized Pitot pressure profiles were plotted at 
snapshots in time during a tunnel run. Figure 5 shows five normalized Pitot pressure 

rofiles at various times during the usable run time. As shown, the profiles vary 

ittle with time, and for all conditions, observed temporal deviations were typically 
on the order of 1 percent or lessin pressure. Based on these observations, Pitot 
pressure profiles were averaged during the usable run time to obtain the spatial 
deviations presented in the following sections. 


NSWCDD/TR--92/160 


RADIAL SYMMETRY 


To check the radial symmetry in the horizontal and vertical plane of the test 
section, two Pitot rakes were used. For each station and Reynolds number, the local 
Mach number was plotted as a function of absolute distance from the centerline. The 
Pitot probes were mounted at 2-inch increments radially from the centerline of the 
tunnel. In this manner, radial asymmetric deviations can be assessed in the 
horizontal flow profile. For runs where traversing Pitot data were available, the 
radial symmetry could be investigated between the vertical and horizontal planes. 
Figure 6 shows an example of how radial symmetry data was analyzed. Generally, 
for all run conditions asymmetric deviation was 2 percent or less in pressure, where 
the greater deviation of fixed Pitot or traversing Pitot reading was used. Even 
though the traversing probe samples each point at slightly different points in time, 
there was good agreement with the fixed Pitot rake, Only those Pitots that fall inside 
the inviscid core were used for the calculation. 


RUN REPEATABILITY 


For each run condition, one run is selected for a representative Pitot pressure 
profile. Figure 7 shows a normalized Pitot pressure plot of three separate Mach 10 
runs. Notice that the profiles are very repeatable from run to run. The Mach 14 
nozzle exhibits similar characteristics in run repeatability. 


COMBINING CALIBRATION RESULTS WITH TEST DATA 


The uniformity data presented in the preceding sections of this report represent 
a large amount of data. The ultimate purpose for the generation of this data is to aid 
in the definition of the flow profile during a test program. When a model is tested 
aerodynamically, the Pitot calibration rake will not be installed in the test cell. Free 
stream conditions are calculated as described earlier based on PO, TO, and the 
average of iwo striit-inounted Pitot probes. Refer back to Figure 2 for test cell 
arrangement. The calibration data can provide a definition of the flow conditions 
throughout the nozzle. To use the calibration data in conjunction with the 
aerodynamic test data, the following procedure exists. Each wind tunnel data 
package will contain the average supply conditions and free stream flow field 
parameters for the run, The average free stream flow field parameters are calculated 
based on measured supply conditions and the average of two strut mounted Pitot 
probes (PTAVG). This approach assumes constant flow field parameters across the 
test section. If more detailed definition of the free stream flow field is required, 
Appendix A lists each flow field parameter as a fraction of the PTAVG calculated 
quantities for each run condition and axial position. For completeness, this data 
should be combined with the measurement uncertainty data from Table 4. 


__ Figures 8 through 16 are included for pretest planning purposes. The 
uniformity for each run condition and axial station can be compared to decide on 
model placement in the test section. 
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MACH 10 SPATIAL UNIFORMITY 


Deviation of Pitot Pressure With Reynolds Number 


First Window Station. For Mach 10, calibration data versus Reynolds number 
are available only at the first window station. Pitot pressure profiles at nominal free 
stream Reynolds numbers of 20x106, 17x106, 12x106, 5.5x106, and 1.0x106/ft are 
presented in Figure 8, A constant core of 40 inches was observed. The best 
uniformity was observed at the 20x106/ft condition which is closest to the nozzle 
design condition.®? 


Deviations of Pitot Pressure With Axial Position 


Reynolds Number = 20x106/ft. Mach 10 calibration data obtained as a function 
of axial station are available at stations 0,1, 2, and 3. Pitot Pressure profiles ata 
nominal free stream Reynolds number of 20x106/ft are plotted in Figure 9. The best 
uniformity occurred at the first window station, 24 inches downstream of the nozzle 
exit, The inviscid core was approximately 40 inches at all stations except the third 
window station. At this station the inviscid core was 32 inches. Test models are 
generally tested in the first two window stations at these conditions. 


MACH 14 SPATIAL UNIFORMITY 


Deviations of Pitot Pressure With Reynolds Number 


First Window Station. At the first window station, 24 inches downstream from 
the nozzle exit, data were obtained at neminal free stream Reynolds numbers of 
4.0x106, 2.0x106, 0.5x106, and 0.1x106/ft. Figure 10 shows local normalized Pitot 
pressure plotted versus radial distance from the centerline as a function of Reynolds 
number. As the Reynolds number increased toward the nozzle design condition, the 
profiles hecame more uniform across the test section with a lower pressure at the 
center 9 inches of the test section. A constant core of approximately 36 inches in 
diameter was observed except for the lowest Reynolds number condition where the 
core was 28 inches in diameter. 


Second Window Station. At the second window station, 66 inches downstream 
from the nozzle exit, data were obtained at nominal free stream Reynolds numbers of 
4.0x106, 2.0x106, and 0.5x106/ft. Figure 11 shows local normalized Pitot pressure 
plotted versus radial distance from centerline as a function of Reynolds number. A 
constant 36-inch diameter inviscid core was observed, except for the lowest Reynolds 
number condition where the core was 32 inches in diameter. 


Third Window Station. At the third window station, 108 inches downstream 
from the nozzle exit, data were obtained at nominal free stream Reynolds numbers of 
4.0x106, 2,0x106, and 0.5x106/ft. Figure 12 shows local Mach number plotted versus 
radial distance from the centerline as a function of Reynolds number. A constant 
36-inch diameter inviscid core was observed, except for the lowest Reynolds number 
condition where the core was 28 inches in diameter, and the pressure drops as the 
centerline is approached. 
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Deviations of Pitot Pressure With Axia] Position 


Reynolds Number = 4.0x106/ft, Data at the maximum Reynolds number 
condition were obtained axially at six locations in the test section from 20 inches 
upstream of the nozzle exit to 108 incnes downstream of the nozzle exit. Figure 13 is 
a plot of local normalized Pitot pressure versus radial distance from centerline at 
each of the six axial stations. A constant inviscid core was 36 inches in diameter. 
Pitot pressure was a minimum at the center of the test section for axial distances up 
to 48 inches. Pressure deviations at the second and third window stations were 
typically smaller without a dip in pressure at the center. 


Reynolds Number = 2.0x106/ft. Data at a nominal Reynolds number of 
2.0x1 067 were obtained axially at three locations in the test section at 24, 66, and 
108 inches downstream of the nozzle exit. Figure 14 shows a plot of local normalized 
Pitot pressure versus radial distance from centerline at each of the three axial 
stations. A constant inviscid core of 36 inches in diameter was observed. Deviations 
were centered about a median value, except for the first window station where the 
local Pitot pressure decreased as the centerline was approached. 


Reynolds Number = 0.5x106/ft. Data at 0.5x106/ft were obtained axially at 
three locations in the test section at 24, 66, and 108 inches downstream of the nozzle 
exit. Figure 15 shows a plot of local normalized Pitot pressure versus radial distance 
from centerline at each of the three axial stations. A constant 36-inch diameter 
inviscid core was observed, except for the third window position where the core was 
28 inches in diameter, and the pressure drops as the centerline is approached. 
Deviations were centered about a median value, except for the third window station 
where pressure decreased as the centerline was approached. 


Reynolds Number = 0.1x106/ft. Data at 0.1x106/ft were obtained at only one 
station 24 inches downstream of the nozzle exit. Figure 16 shows a plot of local 
normalized Pitot pressure versus radial distance from the centerline. The inviscid 
core was 28 inches in diameter, Pitot pressure generally decreased as the centerline 
was approached. 


SUMMARY 


Calibration data obtained in NSWCWODET Hypervelocity Tunnel 9 verify that 
high quality uniform flow exists at Mach 10 and 14, Spatial and temporal uniformity 
as well as symmetry were investigated. Flow uniformity was found to be the best in 
the second and third window stations, with uniformity in Mach number nominally 
less than £0.75 percent. In general, higher Reynolds number frec stream conditions 
tend to exhibit better uniformity. Calibration data from the Mach 8 and Mach 18 
nozzle will be subsequently added to this report when that data becomes available. 
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Test Cell Configuration For 
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FIGURE 2. TUNNEL 9 CALIBRATION SETUP 
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Mach 10 
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FIGURE 3. TUNNEL 9 CALIBRATION STATIONS 
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FIGURE 6. COMPARISON OF HORIZONTAL AND VERTICAL PROFILES 
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FIGURE 7. COMPARISON OF RUN REPEATABILITY 
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FIGURE 8. MACH 10 NORMALIZED PITOT PROFILES AT FIRST WINDOW STATION 
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FIGURE 9. MACH 10 NORMALIZED PITOT PROFILES AT REYNOLDS # = 20 MILLION/FT 
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RUN 1408, RE# = 0.1 MILLION/FT. 
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FIGURE 10. MACH 14 NORMALIZED PITOT PROFILES AT FIRST WINDOW STATION 
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RUN 2241, REYNOLDS # = 3.8 MILLION/FT. 
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FIGURE 11. MACH 14 NORMALIZED PITOT PROFILES AT SECOND WINDOW STATION 
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RUN 2261, REYNOLDS # = 0.5 MILLION/FT. 
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FIGURE 12, MACH 14 NORMALIZED PITOT PROFILES AT THIRD WINDOW STATION 
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FIGURE 13. MACH 14 NORMALIZED PITOT PROFILES AT REYNOLDS # = 4 MILLION/FT 
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RUN 2267, 24 INCHES FROM NOZZLE EXIT 
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FIGURE 14, MACII 14 NORMALIZED PITOT PROFILES AT REYNOLDS # = 2 MILLION/FT 
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FIGURE 15. MACH 14 NORMALIZED PITOT PROFILES AT REYNOLDS # = 0.5 M LLION/FT 
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FIGURIS 16, MACIT 14 NORMALIZED PITOT PROFILES AT REYNOLDS # = 0.1 MILLION/FT 
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TABLE 1. HYPERVELOCITY TUNNEL 9 CAPABILITIES 


Supply Pressure Nominal Supply Reynolds Numher Run Time Range 


oe Range Temperature Range a 
; (psia) (°F) (X106/ft) 


4,000 to 12,000 } 1,200 17.6 to 50.0 0.33 to 1.3 
0.23 to 8 


pO | 500 to 14,000 1,350 0.86 to 20.0 
100 to 20,000 2,750 0.072 to 3.8 


TABLE 2. TUNNEL 9 SUPPLY/PITOT PRESSURE INSTRUMENTATION 


Supply Pressure | Pitot Pressure Transducer 


‘Transducer (Range) | (Range) 


Free Stream Nominal 
Reynolds Number 


Mach 10 


Viatran model 304 
(0 to 10,000 psia) 


Kulite model XCW-093-15A 
{0 to 15 psia) 


Re# ~1 million/ft 


Re# =7 million/ft. Viatran model 304 Statham model PA288TC 
(0 to 10,000 psia) (0 to 50 psia) 


Statham model PA288T'C 
(0 to 50 psia) 


Statham model PA288TC 
(0 to 50 psia) 


Viatran model 214 
(0 to 20,000 psia) 


Viatran model 214 
(0 to 20,000 psia) 


Mach 14 


Statham model PA24TC 
(G to 1,000 psia) 


Viatran model 214 
(0 to 50,000 psia) 


Re# = 12 million/ft 


Re# =20 million/ft 


Kulite model XCW-062-5A 
(0 to 5 psia) 


Kulite model XCW-093-15A 
(0 Lo 15 psia) 


Re# =0.1 million/ft 


Re# =0.5 million/ft 


Re# =2 million/ft Viatran model 214 Kulite model XCW-093-15A 
(0 to 50,000 psia) (0 to 15 psia) 
Re# =3.8 million/ft Viatran model 214 Kulite model XCW-093-15A 


(0 to 50,000 psia) (0 to 15 psia) 
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TABLE 3. TUNNEL 9 SUPPLY TEMPERATURE INSTRUMENTATION 


rene : Beat (sep ae 


Supply Temperature Transducer 


Freestream Nominal 


Mach Number (Range) 
Mach 10 | chromel /alumel 
(0 to 2260°F) 
Mach 14 tungsten-5% 


rhenium/tungsten-26% 
(0 to 4200°F) 


TABLE 4. ESTIMATE OF MEASUREMENT UNCERTAINTY 


Measured Quantity Uncertainty me 
PO + 0.4% 
Pitot — £:0.3% 
Derived Quantity = 
Minf 0.2. to +0.14% 
Tint 1.90 +0.6% 
Pinf 0.6 to +0.5% 


+ 0.3% 
RHOinf -4.6 to +0,55% 


-0.8t0 +0.2% 
Reinf/L -2.60 +0.8% 
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GLOSSARY 


Velocity of the local speed of sound, ft/s 
Centerline of wind tunnel 

Pressure coefficient (P - Pinf)/Qinf 

Free stream Mach number, Mach = Uinf/a 
Free stream static pressure, psia 

Tunnel supply pressure, psia 

Equivaient perfect gas supply pressure, psia 
Average of strut mounted Pitot pressure probes, psia 
Rake pressure transducer, -16 in. from CL, psia 
Rake pressure transducer, 16 in, from CL, psia 
Tunnel Pitot pressure, north side, psia 
Traverse Pitot pressure transducer , psia 
Tunnel Pitot pressure, south side, psia 

Free stream dynamic pressure, psia 

Free stream Reynolds number, ft-! 

Free stream stetic temperature, °F 

Tunnel supply temperature, °F 

Equivalent perfect gas supply temperature, °F 


Free stream velocity, ft/s 
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APPENDIX A 


FREE STREAM FLOW FIELD PARAMETERS FOR ALL 
NOMINAL TEST CONDITIONS 
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